
J 

NASA TECHNICAL NOTE N A S A  TN 0-2584 

a0 m I 
ITHRUI 

* !65 14628 
UCCESSION NUMI)€* a 

P v z  I 
I 

- IPAQEE) (CODE1 z i 
L 3fi c 

- 4 (NASA CR OR TMX OR AD NUMBIRI ICATEOORI) 

m 
4 z GPO PRICE $ 

OTS PRICE(S) $ 

Hard copy (HC) 

Microfiche (M F) 8 53 

SOME EFFECTS OF UNCERTAINTIES 
IN ATMOSPHERE STRUCTURE 
A N D  CHEMICAL COMPOSITION 
ON ENTRY INTO MARS 

by Robert L, McKenzie 

Ames Research Center 
M o f e t t  Field, CalG 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION WASHINGTON, D. C. JANUARY 1965 



SOME EFFECTS OF UNCERTAINTIES I N  ATMOSPHERE STRUCTURE 

AND CHEMICAL COMPOSITION ON ENTRY INTO MARS 

By Robert L. McKenzie 

Ames Research Center 
Moffett Field, Calif. 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

For sole by the Office of Technical Services, Departrnent of Commerce, 
Washington, D.C. 20230 -- Price $2.00 



SOME EFFECTS OF UNCERTAINTIES I N  ATMOSPHERE STRUCTURF: 

AND CKEMICAL COMPOSITION ON ENTRY INTO MARS 

By Robert L .  McKenzie 

Ames Research Center 
Moffett Field,  Cal i f .  

SUMMARY 

The purpose of t h i s  study i s  t o  provide examples of t h e  de'gree t o  which 
unce r t a in t i e s  i n  t h e  s t ruc tu re  and composition of t he  martian atmosphere 
a f f e c t  var ious aspects  of en t ry .  The discussion contains  t h e  e f f e c t s  on 
manned-vehicle e n t r y  cor r idors ,  aerodynamic heat ing,  including shock-layer 
r ad ia t ion  f o r  an unmanned probe-type entry,  and vehic le  design requirements 
f o r  an unmanned probe s o f t  landing.  The r e s u l t s  ind ica te  t h a t  cur ren t  uncer- 
t a i n t i e s  i n  atmosphere sca le  height  are s ign i f i can t  i n  t h a t  they  g r e a t l y  
decrease t h e  e n t r y  cor r idor  he ights  f o r  manned vehic les .  Uncertaint ies  i n  
t h e  atmosphere composition and sca l e  height are shown t o  preclude accurate  
pred ic t ion  of t h e  heat ing rates f o r  a n  unmanned probe en t ry .  
expected, requirements f o r  s o f t  landings are  the  most r e s t r i c t i v e .  Already 
d i f f i c u l t  t o  s a t i s f y  because of low surface pressure,  these  requirements 
become extremely l imi t ing  because of t h e  uncertainty i n  atmospher 

However, as 

INTRODUCTION 

Recent s tud ie s  c l e a r l y  e s t a b l i s h  t h a t  e n t r y  vehic le  design and t ra jec tory  
ana lys i s  depend on composition and s t ruc tu re  of t h e  p lane tary  atmosphere 
( refs .  1 and 2 ) .  However, t he re  a r e  many widely d i f f e r e n t  cur ren t  es t imates  
of  t hese  q u a n t i t i e s  f o r  t he  atmosphere of Mars. The question then arises as 
t o  t h e  e f f e c t s  of these  unce r t a in t i e s  on an e n t r y  ana lys i s .  
answered i n  p a r t  by Spiegel ( r e f .  1) who inves t iga ted  t h e  uncer ta in ty  e f f e c t s  
on e n t r y  vehic le  weights and s i z e .  
uncer ta in ty  e f f e c t s  on aerodynamic heating and vehic le  design and ou t l ined  
some of t h e  o the r  problems assoc ia ted  with p lane tary  en t ry .  
Tobak ( r e f .  3) analyzed the  tumbling and l a rge  amplitude o s c i l l a t i o n s  of an 
en ter ing  vehic le  and showed the  atmosphere s t ruc tu re  t o  have l i t t l e  e f f e c t  on 
t h e  o s c i l l a t o r y  behavior of t he  vehic le .  

This has been 

Adams e t  a l .  ( r e f .  2) a l s o  discussed the  

Peterson and 

It i s  t h e  purpose of t h i s  r epor t  t o  discuss  more genera l ly  t h e  martian 
atmosphere unce r t a in t i e s  and t o  i l l u s t r a t e  t h e  degree t o  which these  uncer- 
t a i n t i e s  a f f e c t  t h e  en t ry  cor r idors  for a manned vehic le ,  t h e  aerodynamic 
heat ing f o r  an unmanned probe en t ry ,  and the vehic le  design requirements f o r  
insur ing  l o w  v e l o c i t i e s  near t he  p l a n e t ' s  surface (he rea f t e r  r e fe r r ed  t o  as 
t h e  "landing problem"). These examples help t o  def ine  t h e  s ign i f icance  of 
t h e  atmosphere unce r t a in t i e s .  The atmosphere extremes used f o r  t h i s  study 
were chosen as representa t ive  and do not  include a l l  ava i lab le  estimates t o  
date.  



SYMBOLS 

A 

CD 

D 

6 

Y 

P 

aerodynamic coe f f i c i en t  reference area, f t 2  

aerodynamic drag coe f f i c i en t ,  2 D  

aerodynamic drag, l b  

l o c a l  acce lera t ion  due t o  g rav i ty ,  f t / s e c  

g r a v i t a t i o n a l  constant,  32.17 f t / sec2  

vehic le  dece lera t ion  divided by 

enthalpy, Btu/lb 

pe r i aps i s  a l t i t u d e ,  f t  

new value of hp 

P,AV,' 

2 

r e s u l t i n g  from a change i n  an atmosphere o r  aerody- 
namic parameter 

isothermal s ca l e  height ,  f t  

t o t a l  r ad ian t  i n t e n s i t y  behind bow shock, Btu/ft3 sec 

mechanical equivalent  of hea t ,  778 f t - lb/Btu 

reference length  f o r  Reynolds number, f t  

aerodynamic l i f t ,  l b  

vehic le  mass, slugs 

mean molecular weight of atmosphere 

pressure,  l b / f t 2  unless  otherwise noted 

stagnation-point heat ing rate , Btu/f t2  sec  

d is tance  from plane t  cen ter ,  f t  

vehic le  nose radius ,  f t  

Reynolds number based on ambient stream condi t ions 

temperature, OR 

vehic le  ve loc i ty ,  f t / s e c  
v r a t i o  of vehic le  ve loc i ty  t o  l o c a l  c i r c u l a r  ve loc i ty ,  - 

(where VC = G) VC 

shock-layer thickness ,  f t  

atmosphere gas spec i f i c  heat  r a t i o  

f l i gh t -pa th  angle measured from l o c a l  hor izonta l ,  deg 

dens it y , slugs/ f t 3  
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pref atmosphere reference dens i ty ,  s lugs/f t3  

s tandard e a r t h  sea- level  dens i ty ,  2 .  377X10-3 s lugs / f t3  PSL@ 

DhP co r r ido r  depth: d i f fe rence  i n  per iaps is  a l t i t u d e  between t h e  overshoot 
and undershoot cor r idor  bounds f o r  a given e n t r y  speed, mi l l ions  of  
fee t  

Subscr ipts  

C c i r cu la r ;  a l so ,  convective 

ex i t  

i i n i t i a l  o r  en t ry  

r r a d i a t i v e  

S s tagnat ion  poin t  

surf p l ane t  surface 

s t ra t  s t ra tosphere  

w w a l l  

condi t ions upon leaving or e x i t i n g  the atmosphere (measured a t  t h e  
same a l t i t u d e  as e n t r y  condi t ions)  

00 amb i e n t  s t r e a m  

ANALYSIS 

The problems of e n t r y  t r e a t e d  i n  t h i s  report  are ind iv idua l  and nea r ly  
independent, each deal ing with a d i f f e r e n t  aspect of martian en t ry .  The only 
dependence o r  s i m i l a r i t y  l i e s  i n  t h e  magnitude of t h e  atmosphere uncer ta in t ies  
used f o r  each study. The f i r s t  sec t ion  o f  t h i s  ana lys i s  def ines  the  atmos- 
phere parameters of i n t e r e s t  and t h e  uncer ta in t ies  contained i n  them. It is  
followed by  t h r e e  independent sec t ions  discussing t h e  atmosphere uncer ta in ty  
e f f e c t s  on e n t r y  cor r idors  f o r  a manned vehicle,aerodynamic heat ing during an 
unmanned probe en t ry ,  and t h e  s o f t  landing of an unmanned probe. Each example 
i s  chosen t o  i l l u s t r a t e  t h e  e f f e c t  of t he  atmosphere unce r t a in t i e s  on one fac- 
t o r  i n  vehic le  design without complication due t o  o the r  aerothermodynamic 
e f f e c t s  ( e  .g., l i f t  modulation, heat-shield ablat ion,  e t c  .) . 

In  keeping with t h i s  s impl i f ied  approach, t h e  en ter ing  vehic le  w a s  
assumed t o  be a point-mass objec t  approaching a spher ica l  p l ane t .  
t r a j e c t o r i e s  i n t o  a nonrotat ing atmosphere were considered. The computing 
necessary f o r  t h i s  ana lys i s  w a s  done on a high-speed d i g i t a l  computer which 
numerically solved %he exact  d i f f e r e n t i a l  equations of motion. 

Only planar 

Atmosphere Uncertainties 

The parameters assoc ia ted  with en t ry  vehicle design or t r a j e c t o r y  
ana lys i s  are usua l ly  formulated so t h a t  t h e  var iab les  per ta in ing  t o  atmosphere 
s t r u c t u r e  and those def in ing  i t s  composition can be separated.  



Structure . -  The primary va r i ab le s  r e l a t e d  t o  atmosphere s t ruc tu re  which 
influence t h e  vehic le  design o r  t r a j e c t o r y  ana lys i s  are dens i ty  and i t s  va r i a -  
t i o n  with a l t i t u d e .  The dens i ty  v a r i a t i o n  i s  conveniently described i n  terms 
of t he  parameters,scale height  and reference density,which can 
the  a i d  of f igu re  1, and the  equation 

- a l t i t u d e  
H P = Frefe  

Scale height,  H, i s  represented by the  s lope of  t he  curve i n  a 
na tu ra l  logari thm of l o c a l  dens i ty  as a funct ion of a l t i t u d e .  

be def ined with 

p l o t  of t he  
For a constant 

s ca l e  height atmosphere, loge p versus a l t i t u d e  w i l l  appear as a s t r a i g h t  
l i n e  with i t s  s lope equal t o  -H. Examples of a constant s ca l e  height  are 
i l l u s t r a t e d  i n  f igu re  1 f o r  a l t i t u d e s  above the  ind ica ted  tropopause of each 
atmosphere s t r u c t u r e .  A s  can be seen, a low sca l e  height  results i n  a 
"shallowl' o r  more compressed atmosphere than t h a t  f o r  a l a r g e  sca l e  height  o r  
"deep" atmosphere. 
t h e t i c a l  surface dens i ty  t h a t  would ex is t  i f  t he  atmosphere were of constant 
s ca l e  height a l l  t he  way t o  the  p l a n e t ' s  sur face .  It i s  represented i n  
f igu re  1 by t h e  cont inuat ion of t he  s t r a i g h t - l i n e  por t ion  of t h e  densi ty-  
a l t i t u d e  curve t o  zero a l t i t u d e  l e v e l .  

Reference dens i ty  (p re f )  can be thought of as the  hypo- 

The atmosphere s t r u c t u r e s  p l o t t e d  i n  f i g u r e  1 represent  t he  extremes 
chosen fo r  t h i s  s tudy.  Density i s  given as a r a t i o  of  Mars l o c a l  dens i ty  
t o  t h e  standard e a r t h  s e a - l e v e l  value. This choice of extreme atmospheres 
or ig ina ted  from considerat ion of t he  estimates and proposed s t r u c t u r a l  models 
of references 1, 4, 5 ,  and 6, and some unpublished Je t  Propulsion Laboratory 
models ( f i g .  2 ) .  
parameters t o  generate  extremes based on a surface pressure range of 41 t o  
132 mi l l ibars .  Reference 1 contains a s e r i e s  of s t r u c t u r a l  models within these  
extremes. The unpublished J e t  Propulsion Laboratory models followed nea r ly  
t h e  same extremes i n  a l l  va r i ab le s  but  used a surface pressure range of 11 t o  
30 mil l ibars  based on t h e  da t a  of reference 6 .  
r e f .  6 are  estimated t o  be 10 t o  40 m i l l i b a r s  as a result of recent  observa- 
t i o n s  by improved techniques.  ) The atmosphere s t r u c t u r e s  used i n  t h i s  study 
are, i n  e f f e c t ,  t he  two extreme atmospheres of reference 4 plus  t h e  same two 
atmospheres with d e n s i t i e s  lower by an order  of magnitude ( t o  account f o r  t h e  
recent  low surface pressure e s t ima tes ) .  
of magnitude uncer ta in ty  i n  reference dens i ty  and a f a c t o r  of 2.5 uncer ta in ty  
i n  scale  he ight .  Numerical d e f i n i t i o n s  of t hese  atmospheres a re  given i n  
t a b l e  I along with t h e  p lane tary  constants  used f o r  t r a j e c t o r y  ca l cu la t ions .  

Reference 4 combined est imates  of some bas i c  atmosphere 

(The surface pressures  i n  

These four  choices bracket  an order  

Figure 2 i l l u s t r a t e s  boundaries of reference dens i ty  as a funct ion of 
s ca l e  height f o r  combinations of surface pressure,  surface temperature, 
s t ra tosphere temperature, and mean molecular weight within t h e  l i m i t s  l i s t e d  
i n  t h e  f igu re .  Spec i f ic  heat  r a t i o ,  y ,  has  been f ixed  a t  1.40. I n  t h e  con- 
s t ruc t ion  of t he  boundaries, a l l  bu t  one of t h e  bas i c  quan t i t i e s  i n  t h e  
f igu re  were f i x e d .  
given.  This being done f o r  each of  t h e  four  bas i c  q u a n t i t i e s  l i s t e d ,  t h e  
f i n a l  boundary w a s  constracted and encompassed a l l  of t h e  results.  The e f f e c t  
of extending the  upper l i m i t  i n  surface pressure from 40 t o  130 m i l l i b a r s  i s  
i l l u s t r a t e d  by a dashed l i n e .  

The remaining quan t i ty  w a s  then  va r i ed  between t h e  l i m i t s  

The l o c a t i o n  of t h e  two atmosphere extremes of 
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reference 4 (and t h i s  study) i s  denoted by f i l l e d  symbols as are t h e i r  
corresponding low-pressure ( o r  low dens i ty)  vers ions.  
uncer ta in ty  i n  troposphere s t r u c t u r e  is  omitted i n  t h i s  sec t ion ,  although 
f igu re  2 includes the  reference dens i ty  dependence on troposphere s t r u c t u r e .  
It has been noted tha t  i n  most atmosphere estimates,  t he  tropopause i s  below 
t h a t  a l t i t u d e  on an en t ry  t r a j e c t o r y  where peak dece lera t ion  and heat ing 
occur.  It can therefore  be ignored when en t ry  cor r idors  or aerodynamic 
heat ing a r e  considered. If landing requirenents zre nf i n t e r e s t ,  t h e  uncer- 
t a i n t y  i n  troposphere s t ruc tu re  becomes important. However, i n  t h i s  study the  
troposphere e f f e c t s  a r e  omitted because they a r e  overshadowed by t h e  upper 
atmosphere unce r t a in t i e s .  

A discussion of the 

Composition.- The atmosphere's chemical composition i s  important i n  
aerodynamic heat ing ca l cu la t ions .  Currently, t he  composition of the  martian 
atmosphere i s  uncertain.  Except f o r  t r a c e s  of water vapor, carbon dioxide 
i s  the  only cons t i tuent  detected spectroscopical ly  ( r e f .  7)  and est imates  of 
i t s  abundance vary upward from 2 percent .  On t h e  basis of t he  cosmic 

' abundance of elements and the  p lane tary  environment of Mars, it i s  conjectured 
t h a t  t h e  remaining p r inc ipa l  cons t i tuents  a re  ni t rogen and poss ib ly  argon, 
although o ther  gases may be present .  However, a t  t he  time of t h i s  ana lys i s ,  
hea t - t ransfer  d a t a  were ava i lab le  only i n  C0,-N2 mixtures. 
t h i s  study i s  r e s t r i c t e d  t o  inves t iga t ing  the e f f e c t  of varying the  CO, 
abundance r e l a t i v e  t o  N,, assuming no o the r  cons t i tuents .  

Consequently, 

Entry Corridor 

An e n t r y  cor r idor  i s  determined p r inc ipa l ly  by the  aerodynamic 
c a p a b i l i t i e s  of t he  enter ing vehicle ,  t he  aerodynamic heat ing and load  l i m i t s  
prescr ibed,  and the  s t ruc tu re  of t he  upper portion of t h e  atmosphere ( i . e . ,  
excluding the  t roposphere) .  The e f f e c t s  of unce r t a in t i e s  i n  the  s t ruc tu re  of 
t h e  upper atmosphere on en t ry  cor r idor  w i l l  be inves t iga ted  i n  t h i s  sec t ion .  

The cor r idor  boundaries used i n  t h i s  study a r e  i l l u s t r a t e d  i n  f igu re  3. 
The "overshoot" bound i s  t h a t  f o r  which t h e  vehicle  e n t e r s  with a constant 
l i f t  t o  drag r a t i o  such t h a t  lift i s  d i rec ted  normal t o  the  t r a j e c t o r y  and 
toward the  p l a n e t .  The aerodynamic drag i s  j u s t  s u f f i c i e n t  t o  dece lera te  t he  
vehic le  t o  s l i g h t l y  l e s s  than parabol ic ,  or  capture,  speed a t  e x i t .  The 
"undershoot" bound i s  t h a t  f o r  which the  vehicle en te r s  with a constant 
outward d i r e c t e d  lift t o  drag r a t i o  such t h a t  i t s  maximum dece lera t ion  does 
not exceed 10 e a r t h  g (322 f t / sec2 ,  representat ive of manned e n t r y  l i m i t a -  
t i o n ) .  

The e n t r y  t r a j e , c to r i e s  can be uniquely defined if the  i n i t i a l  t r a j e c t o r y  
parameters ( e n t r y  angle,  ve loc i ty ,  a l t i t u d e )  and the  aerodynamic parameters 
(L/D, m/C$, and t h e i r  modulation scheme) are known. The t r a j e c t o r y  param- 
e t e r s  are conveniently expressed i n  terms o f  i n i t i a l  v e l o c i t y  r a t i o  ( V i )  and 
p e r i a p s i s  a l t i t u d e  (hp) f o r  a f ixed i n i t i a l  a l t i t u d e .  The s ignif icance of 
V i  vi > $' , the en t ry  has been i n i t i a t e d  a t  a 
hyperbolic speed f o r  which aerodynamic braking i s  required t o  achieve capture. 

l i e s  i n  t h e  f a c t  t h a t  f o r  
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In  the  absence of s u f f i c i e n t  braking (Vexit _> f i  ),  t he  vehic le  would not 
r e tu rn  t o  the  p l ane t .  Per iaps is  a l t i t u d e  represents  the  minimum a l t i t u d e  
obtained on the  t r a j e c t o r y  if no atmosphere or plane t  surface were encoun- 
t e r e d .  (See f i g .  3 . )  It i s  i n  terms of T i  and hp, t h a t  t he  following 
r e s u l t s  a r e  presented. 

Scale height  e f f e c t s . -  The e n t r y  cor r idor  i s  influenced by both t h e  sca l e  
height and reference dens i ty ,  but  t h e i r  e f f e c t s  may be s tudied separa te ly .  
Figure 4 i l l u s t r a t e s  the  changes i n  e n t r y  cor r idor  f o r  t he  two sca l e  height  
extremes. A s  noted on the  f igure ,  t he  cor r idors  shown a r e  f o r  a vehic le  w i t h  
aerodynamic parameters; L/D = k0.5, and 
of aerodynamic parameters i s  discussed i n  appendix A along with t h e  r e s u l t  
of using o ther  va lues .  A l l  t he  i n i t i a l  e n t r y  conditions are taken a t  an 
a l t i t u d e  of 1,000,000 f e e t  above the  p l a n e t ' s  surface.  Although the  atmos- 
pheres of f igu re  1 have d i f f e r e n t  reference d e n s i t i e s ,  only the  deep atmos- 
phere value w a s  used i n  comparing t h e  co r r ido r s .  
completely i s o l a t e  the  sca le  height e f f e c t s  does not a l t e r  t he  conclusions and 
changes t h e  r e s u l t s  only s l i g h t l y .  In  f igu re  4, the  cor r idor  f o r  which 
successful  e n t r y  i s  assured, with the  sca l e  height  uncer ta in ty  assumed, l i e s  
within the  shaded area  and i s  l imi t ed  i n  maximum e n t r y  ve loc i ty .  

m/C$ = 1.0  s lug/ f t2 .  This s e l ec t ion  

Using a common value t o  

Reference dens i ty  e f f e c t s . -  Another reduction i n  the  cor r idors  i s  imposed 
by t h e  uncertain reference dens i ty .  
s ca l e  height extremes and an order of magnitude reduction i n  reference 
dens i ty .  The f igu re  shows tha t  an  order  of magnitude reduction i n  
causes a downward s h i f t  of t he  e n t i r e  co r r ido r .  The amount of s h i f t  depends 
on scale  height  as well  as  reference dens i ty .  
i s  t h a t  region not swept by the  s h i f t i n g  cor r idor  boundaries and represented 
i n  f igure  5 by the  shaded a rea .  

Figure 5 i l l u s t r a t e s  t he  e f f e c t  of both 

pref 

The remaining "usable cor r idor"  

The dependence of t he  amount of cor r idor  s h i f t  on atmosphere s t r u c t u r e  
can be determined f r o m t h e  analyses of references 8 and 9. 
constant values of t he  aerodynamic parameters, t h e  cor r idor  s h i f t  f o r  a 
change in  Pref can be shown as: 

That i s ,  f o r  

where the primes denote the  new o r  s h i f t e d  va lues .  

A corresponding equation f o r  evaluat ing the  inf luence of changing sca l e  
heights  w a s  not  ava i lab le  i n  convenient a n a l y t i c a l  form. However, reference 9 
provides a means of evaluat ing i t s  e f f e c t s  with cha r t s  and t a b l e s .  
i n  equation (l), t he  e f f e c t  of uncertain reference dens i ty  i s  proport ional  t o  
sca l e  height as w e l l  as log (  P ; ~ ~ ) / (  pref) . 
a low-scale height  atmosphere, although shallow i s  depth, i s  not reduced by 
the  reference dens i ty  uncer ta in ty  as much as a cor r idor  f o r  l a r g e r  s ca l e  
he ights .  Thus, f o r  t he  uncer ta in ty  i n  pref considered, the  percent reduc- 
t i o n  i n  cor r idor  depth i s  about the same f o r  both sca l e  heights  ( see  f i g .  5 )  
For example, t he  cor r idor  f o r  each sca l e  height  extreme i s  closed a t  approxi- 
mately V i  = 4.0 by t h e  uncer ta in ty  i n  pref. 

A s  seen 

Consequently, the  cor r idor  f o r  
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Combined e f f ec t s . -  If t h e  combined uncer ta in t ies  i n  sca le  height  and 
reference dens i ty  a r e  now considered, the  t o t a l  e f f e c t  on en t ry  cor r idor  can 
be i l l u s t r a t e d  by superimposing the  r e s u l t s  of f i gu res  5(a) and (b)  and keeping 
only the  unaffected regions.  This has been done i n  f igu re  6 which shows the  
remaining cor r idor  (shaded area) t o  be t h a t  of t he  shallow atmosphere with 
maximum e n t r y  speed l imi t ed  t o  V i  < 2.7. The cor r idor  depth of 10 miles 
( ind ica ted  on the  f igu re )  i s  the  minimum guidance c a p a b i l i t y  f o r  a simple 
system. 
sca le  height l i m i t s  t he  e n t r y  cor r idor  more than the  uncer ta in ty  i n  reference 
dens i ty .  

A comparison of f igu res  4 and 6 indicates  tiiat tile uncer ta in ty  i n  

Aerodynamic Beating 

Although aerodynamic heat ing could be analyzed f o r  t he  cor r idor  l i m i t s  
previously described, t he  r e s u l t s  would be clouded by the  e f f e c t s  of l i f t  
modulation schemes and dece lera t ion  l i m i t s .  Since the  objec t  here i s  only t o  
i l l u s t r a t e  t he  atmosphere uncer ta in ty  e f f ec t s  on heating, t h i s  sec t ion  dea ls  
with the  simpler problem of non l i f t i ng  probe-type vehic les .  Consequently, i t s  
s i m i l a r i t y  t o  the  previous sec t ion  is  o n l y t h a t  t he  same unce r t a in t i e s  i n  
atmosphere s t ruc tu res  are used. 

Aerodynamic heating of a given vehicle shape during e n t r y  i n t o  an atmos- 
phere depends p r inc ipa l ly  on the  vehic le  speed, l o c a l  atmosphere densi ty ,  and 
chemical composition. Of t h e  atmosphere s t ruc ture  var iab les ,  sca le  height 
becomes the  only parameter of importance. This i s  evident when it i s  r ea l i zed  
t h a t ,  a change i n  reference dens i ty  pr imari ly  changes only the  a l t i t u d e  a t  
which a p a r t i c u l a r  v e l o c i t y  and dens i ty  combination occurs.  
heat ing r a t e s  a t  a given dens i ty  remain unchanged. Reference dens i ty  does 
a f f e c t  t he  t o t a l  heat ing, integrated over the e n t i r e  t ra jec tory ,by  a l t e r i n g  t h e  
t o t a l  time of  f l i g h t .  
t o  t he  maximum values,  t he  e f f e c t  i s  negl igible .  Therefore the only atmos- 
phere va r i ab le s  t r e a t e d  i n  t h i s  sec t ion  are sca l e  height  and chemical composi- 
t i o n .  The e f f e c t s  of t he i r  unce r t a in t i e s  on both convective and r ad ia t ive  
heat ing a r e  inves t iga ted .  The heating r a t e s  presented r e f e r  t o  s tagnat ion 
poin t  values only.  Estimations of t h e i r  magnitude contain the  assumptions of 
laminar flow over a cold w a l l  w i t h  t he  stream i n  thermodynamic equilibrium 
behind the  shock wave. Hence, a t  bes t ,  the r e s u l t s  are only q u a l i t a t i v e  but  
t hey  s u f f i c i e n t l y  i l l u s t r a t e  the degree t o  which the  atmosphere uncertain- 
t i e s  a f f e c t  aerodynamic hea t ing .  

The ve loc i ty  and 

However, s ince  terminal heat ing rates are low compared 

Chemical composition e f f e c t s . -  As discussed i n  the  sect ion on atmosphere 
unce r t a in t i e s ,  the  martian atmosphere i s  believed t o  contain,  as p r inc ipa l  
cons t i t uen t s ,  carbon dioxide,  nitrogen, and poss ib ly  argon. Since heat-  
t r a n s f e r  d a t a  present ly  ava i l ab le  are l imi ted  t o  mixtures of CO, and N2 only, 
t h i s  ana lys i s  i s  l ikewise l imi t ed  t o  those mixtures.  

Various inves t iga to r s  have shown ( r e f s .  10 through 14) t h a t  both 
convective and r ad ia t ive  heat ing rates depend on stream composition. 
However, t hey  have f u r t h e r  demonstrated t h a t  f o r  those gas compositions con- 
s idered  here  convective heat ing i s  r e l a t i v e l y  in sens i t i ve  t o  t h e  gas  
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composition compared t o  shock-layer r ad ia t ion .  Therefore, i n  t h i s  study, a 
s i n g l e  expression independent of gas composition w a s  used f o r  computing 
convective heat ing ra tes .  The i n t e n t  here i s  t o  imply only t h a t  the composi- 
t i o n  uncertainty e f f e c t  on convective heat ing i s  small rather than zero but  
i s  nevertheless  ignored. Reference 10 shows a t h e o r e t i c a l  30-percent 
difference i n  convective heat ing r a t e s  between pure CO, and pure N,. 
a t  present these  results have not been v e r i f i e d  experimentally and a detailed 
ana lys i s  based on them cannot be j u s t i f i e d .  

However, 

Shock-layer r ad ian t  i n t e n s i t i e s  measured by James ( r e f .  11) show nea r ly  
an order of  magnitude v a r i a t i o n  i n  gas mixtures of C02-N2. 
only over a l imi t ed  range of v e l o c i t i e s  (up t o  26,000 f t / s e c )  bu t  serve t o  
j u s t i f y  the  se l ec t ion  of mixture "extremes" i n  t h e  following manner: 
i l l u s t r a t e s  t he  va r i a t ion  of shock-layer r ad ian t  i n t e n s i t y  with gas  mixture, 
taken from reference 11, and shows i n t e n s i t y  i s  maximum f o r  7- t o  16-percent 
CO,. 
dens i ty  but ,  i n  general ,  t h e  v a r i a t i o n  i s  only  a few percent .  Hence, f o r  t h i s  
ana lys i s  10-percent C02 and 90-percent N2 i s  se lec ted  as one extreme gas  
mixture and represents ,  f o r  a l l  v e l o c i t i e s  and ambient d e n s i t i e s ,  the  mixture 
f o r  maximum shock-layer r ad ian t  i n t e n s i t y .  A s  a lower l i m i t ,  t he  r ad ia t ion  
heat ing r a t e s  for pure N2 are used. A s  seen i n  f igu re  7, t h e  d i f f e rence  
between p u r e  C02 and pure N, i n t e n s i t y  i s  not l a r g e  f o r  t h e  higher speeds. 
I n  addi t ion,  a low CO, concentration i n  t h e  Mars atmosphere i s  favored by 
most authors,  making pure N2 appear as a more sens ib l e  ' 'other extreme." 

H i s  results apply 

f i g u r e  7 

The mixture f o r  peak i n t e n s i t y  seems t o  vary s l i g h t l y  with v e l o c i t y  and 

For r ad ia t ion  data a t  v e l o c i t i e s  higher  than those of James, t h e  
inves t iga t ions  of Gruszczynski and Warren ( r e f .  12)  were used. They measured 
shock-layer r ad ia t ion  i n t e n s i t i e s  i n  CO,-N, mixtures up t o  25-percent CO, and 
a t  v e l o c i t i e s  between 30,000 and 45,000 f p s .  Their  results show very  s l i g h t  
o r  no dependence on gas mixture. T h i s  l a c k  of composition dependence i n  t h e  
higher  ve loc i ty  da t a  compared t o  those below 26,000 fps  i s  a t t r i b u t e d  t o  
d issoc ia t ion  o f  the p r inc ipa l  r ad ia to r s  a t  t h e  higher  v e l o c i t i e s .  

I n  order t o  make the  heat ing-rate  ca l cu la t ions  necessary f o r  t h i s  
ana lys i s ,  equations i n  terms of ambient dens i ty  and vehic le  speed were 
empir ical ly  f i t t e d  t o  t h e  da t a  of references 11 and 1 2 .  The o r i g i n  of t hese  
equations and appropriate  constants  f o r  t h e  gas  mixtures used are given i n  
appendixB. A s  an example of t h e  results, r ad ian t  heat ing rates f o r  t h e  two 
composition extremes are i l l u s t r a t e d  i n  f igu re  8 f o r  a s ing le  ambient densi ty .  
A s  t h e  f igure ind ica tes ,  the dependence of r a d i a t i v e  heat ing on gas composi- 
t i o n s  begins t o  diminish as v e l o c i t i e s  approach 30,000 f p s  and disappears  
a l toge ther  at higher v e l o c i t i e s .  Reference 12 provides a more complete 
discussion of t h i s  phenomenon and includes some more p rec i se  t h e o r e t i c a l  
examples. 

Results of  heat ing ca l cu la t ions  showing composition e f f e c t s . -  The e f f e c t  
on maximum stagnat ion poin t  heat ing rate of varying composition between t h e  
establ ished extremes i s  presented i n  f i g u r e  9 (a ) .  
zero l i f t ,  goo en t ry  i n t o  t h e  shallow atmosphere where t h e  composition 
e f f e c t s  are most pronounced. 
t he  highest  heat ing rates of any non l i f t i ng  e n t r y  f o r  a given e n t r y  speed. 

The results apply t o  a 

A goo e n t r y  i n t o  the shallow atmosphere y i e lds  
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Consequently, any d i f fe rences  i n  heat ing ra te  due t o  atmosphere composition 
or s t ruc tu re  v a r i a t i o n  w i l l  be most evident.  Maximum values  of t h e  sun of 
convective and r ad ia t ive  heat ing r a t e s  achieved on the  t r a j e c t o r y  are p l o t t e d  
i n  f igu re  9(a)  as a funct ion of t he  i n i t i a l  e n t r y  ve loc i ty . '  The convective 
cont r ibu t ion  i s  shown by the  shaded area .  A s  t he  f igu re  ind ica t e s ,  the  e n t r y  
v e l o c i t y  a t  which r ad ia t ion  becomes s igni f icant  i s  s t rongly  dependent on the  
gas c o q o s i t i z n .  The same r e s u l t s  woiL1.d appear for e n t r y  i n t o  a deeper 
atmosphere but  with l e s s  e f f e c t  o f  t h e  composition uncertainty.  
i n  t he  deeper atmosphere the  e n t r y  ve loc i t i e s  a t  which r ad ia t ion  becomes 
s i g n i f i c a n t  for e i t h e r  mixture would increase.  It i s  i n t e r e s t i n g  t o  note 
t h a t  a t  e n t r y  v e l o c i t i e s  where t h e  speed at maximum heat ing i s  i n  excess of 
approximately 30,000 fps  ( i . e . ,  V i  E 40,000 fps )  t he  composition dependence 
shown i n  f igu re  9(a) disappears; t h a t  i s ,  the curves of f igu re  9(a) f o r  both 
mixtures merge t o  a s ing le  value due t o  the heat ing-rate  behavior shown by 
f igu re  8. 

In  addi t ion ,  

If t h e  s tagnat ion poin t  heat ing r a t e  is  in tegra ted  w i t h  respect  t o  time 
over t h e  e n t i r e  t r a j e c t o r y ,  t he  r e s u l t  i s  the " t o t a l  heat" which must be 
absorbed or d i s s ipa t ed  a t  t h e  s tagnat ion point.  
uncer ta in ty  on heat-shield s i z e  and weight i s  implied by i t s  e f f e c t  on 
" t o t a l  hea t . "  
composition f o r  the  same t r a j e c t o r i e s  used i n  computing the  r e s u l t s  of 
f i gu re  9(a) .  A s  can be seen, the  conclusions drawn from f igu re  9(a) a l so  
apply here .  Only a s l i g h t  d i f fe rence  between the  r e s u l t s  of f i gu res  9(a) and 
9(b) e x i s t  i n  t h a t  f o r  9(b) t h e  curves f o r  each mixture do not completely 
merge a t  the  higher speeds. This i s  a r e su l t  of t he  d i f fe rences  i n  the  
in t eg ra t ed  r ad ia t ion  a t  speeds below those of maximum heat ing r a t e .  

The e f f e c t  of composition 

Figure 9(b) presents  t he  dependence of t o t a l  hea t  on gas 

From t h e  preceding ana lys i s ,  it can be concluded tha t  f o r  e n t r y  speeds 
g r e a t e r  than 20,000 fps ,  the  uncer ta in ty  i n  chemical composition of the 
martian atmosphere may impose a s ign i f i can t  uncer ta in ty  i n  the  amount of 
r a d i a t i v e  heat ing received by t h e  enter ing vehic le  - hence i n  the  heat-shield 
design. 

Atmosphere s t ruc tu re  e f f e c t s . -  As  previously discussed, sca le  height  i s  
t h e  atmosphere s t ruc tu re  parameter of s ignif icance with regard t o  aerodynamic 
heat ing.  An example of i t s  e f f e c t  i s  given by f igure  lO(a) which i l l u s t r a t e s  
t h e  e f f e c t  of sca le  height uncertainty on maximum s tagnat ion point  heating 
rate. The heat ing r a t e s  presented a r e  again f o r  a 90°, z e r o - l i f t  en t ry  i n t o  
the  ''deep" and "shallow" atmospheres of f igure 1 assuming a s ingle  composi- 
t i o n  of 90-percent N2 and 10-percent CO,. Both the convective and r a d i a t i v e  
components a r e  included w i t h  the  convective contr ibut ion given by the  shaded 
regions.  The dependence of heat ing r a t e  on sca l e  height given by t h e  f igu re  
can be v e r i f i e d  i n  the  following manner. 
heat ing rates vary d i r e c t l y  as p," where n i s  an exponent depending on 
t h e  type of  heat ing (convective o r  rad ia t ive)  and the  speed range 
(n  = 0.5 f o r  convective heating: and 1 . 3  t o  1 .6  f o r  r a d i a t i v e ) .  By the  
ana lys i s  of reference 15, the  dens i ty  at  maximum heating can be expressed as: 

A s  shown i n  equation ( B 5 ) ,  the  

1 It i s  recognized t h a t  the  maximums of & and ir do not occur a t  
p r e c i s e l y  the  same poin t  on a t r a j e c t o r y .  However, f o r  the  purposes of t h i s  
study, t h e i r  sum i s  assumed t o  represent  the maximum t o t a l  heat ing rate. 
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t hus  describing t h e  dependence of dens i ty  a t  maximum heat ing not only on sca l e  
height  (H) but  on m / C m  and i n i t i a l  f l i gh t -pa th  angle ((pi) as w e l l .  The 
t r ends  of f i gu re  l O ( a )  follow these  r e l a t i o n s  by showing the  ind iv idua l  
heating r a t e s  (i . e . ,  Qc and Qr)  proport ional  t o  ( l / H )  

A s  seen i n  t h e  f igu re ,  and by equation (2), t h e  
radiative heat ing rates show a more pronounced e f f e c t  of t he  sca l e  height  
uncertainty than convection due t o  t h e  value of n .  
uncertainty i s  magnified when r ad ia t ion  becomes preva len t .  I n  general  terms, 
it can be s a i d  t h a t  t h e  e f f e c t  of s ca l e  height  uncer ta in ty  on heat ing rate i s  
t o  a l t e r  t h e  e n t r y  v e l o c i t y  a t  which r ad ia t ion  w i l l  be  s i g n i f i c a n t  and t o  
vary the rate a t  a given v e l o c i t y  by a l a r g e  f a c t o r  depending on the  ve loc i ty .  

[ i . e . ,  
- ( l /H)n] .  n 

q - (%Jmx 4 

Thus the  heat ing-rate  

The t o t a l  heat ,  as a f f ec t ed  by sca l e  height  uncertainty,  i s  i l l u s t r a t e d  
by f igure 1 0 ( b ) .  
ure lO(a) and the  same sca l e  height  extremes. Again, t he  cont r ibu t ion  due 
t o  convection i s  denoted by t h e  shaded regions.  The f igu re  shows t h a t  con- 
vec t ive  heat ing v a r i e s  d i r e c t l y  with sca l e  height  while t h e  r ad ia t ive  heat ing 
v a r i e s  inversely.  The opposite behavior f o r  t h e  two types of heat ing i s  due 
t o  t h e  value of n .  I n  t h e  in t eg ra t ion  of 4 over t h e  t r a j e c t o r y ,  H 
remains i n  the  denominator of t he  i n t e g r a l  f o r  n g r e a t e r  than 1 .0  ( rad ia-  
t i o n )  but appears i n  t h e  numerator f o r  n less than 1.0 (convect ion) .  The 
ne t  result i s  t h a t  t o t a l  heat ing shows only  a weak dependence on sca l e  height  
with the degree determined by e n t r y  speed f o r  a given vehic le .  
dependence e x i s t s  i n  genera l  f o r  a l l  similar values  of vehic le  nose rad ius ,  
m/C@, en t ry  angle ,  and o the r  gas compositions. 

The values  p l o t t e d  are f o r  t he  same conditions as f i g -  

This weak 

The Landing Problem 

Another problem of prime importance i n  p lane tary  e n t r y  i s  t h a t  o f  
cont ro l l ing  t h e  terminal  por t ion  of t h e  t r a j e c t o r y  and/or landing the  vehicle .  
An en t ry  vehic le  design can sometimes be more r e s t r i c t e d  by t h e  t r a j e c t o r y  
terminal requirements than any o ther  cons idera t ion .  This i s  p a r t i c u l a r l y  
t r u e  i n  the  case of  Mars where a low surface pressure  makes dece lera t ion  t o  
ve loc i t i e s  appropriate  f o r  s o f t  landing d i f f i c u l t .  The r o l e  of  t h e  atmos- 
phere uncer ta in t ies  is  t o  f u r t h e r  increase t h e  d i f f i c u l t i e s  by forc ing  t h e  
vehic le  designer t o  choose t h e  lowest pressure  estimate as the  design atmos- 
phere. 
impact ve loc i ty  are important, t he  e n t r y  vehic le  design becomes c r i t i c a l .  
A s  an example, it is  i n s t r u c t i v e  t o  examine t h e  a l t i t u d e  a t  which a non- 
l i f t i n g  and unmanned vehic le  of given 
"parachute deployment" speed. Figure 11 provides p l o t s  of a l t i t u d e  as a 
function Of atmosphere pressure f o r  t he  two g r e a t e s t  extremes of f igu re  1 
(deep atmosphere and t h e  low pressure extreme of minimum sca le  he ight )  p lus  
two atmospheres with a sur faces  pressure of 40 mb. A t  t he  top  of f igu re  11 
are p lo ts  of m/C@, again as a funct ion of atmosphere pressure.  

If such considerat ions as a l t i t u d e  a t  parachute deployment speed o r  

m/C@ would dece le ra t e  t o  some 

The values  

10 



p lo t t ed  a r e  f o r  a v e r t i c a l  e n t r y  angle and over a wide range of t he  r a t i o  of 
en t ry  ve loc i ty  t o  parachute deployment veloci ty .  It can be seen t h a t  by com- 
bining the  two p a r t s  of  f i gu re  11, a d i r ec t  co r re l a t ion  i s  made between m/C@ 
and the  a l t i t u d e  a t  which a given parachute deployment speed w i l l  be achieved. 

Several  conclusions can be drawn from f igu re  11: 

(a) It i s  evident t h a t  t h e  choice o f  m/C@ i s  influenced by 
atmosphere s t ruc tu re ,  parachute deployment speed, and a l t i t u d e ,  
and e n t r y  ve loc i ty .  However, f o r  a p a r t i c u l a r  deployment 
a l t i t u d e ,  t h e  e f f e c t  o f  entry and deployment speeds on required 
m/C@ i s  small compared t o  t h a t  of atmosphere s t ruc tu re .  
Therefore, the  following conclusions may be general ly  applied 
f o r  a l l  speeds of current  i n t e r e s t .  

(b)  The a l t i t u d e  a t  which a vehicle of given m/C$ w i l l  reach 
parachute deployment speed i s  extrernely uncertain due t o  the  
atmosphere s t ruc ture  uncertainty.  This can be seen from t h e  
f igu re  f o r  one of t h e  examples of constant m/C@ indicated.  
For example, a l t i t u d e  can vary from zero t o  80,000 f t  f o r  an 
m/C@ = 0.4 and surface pressure between 10 and 40 mi l l i ba r s .  

( e )  F ina l ly ,  of prime s ignif icance,  t he  development of an en t ry  
vehicle  which i s  ce r t a in  t o  reach parachute deployment speeds 
f o r  a l t i t u d e s  above 20,000 f t  appears t o  be exceptionally 
d i f f i c u l t .  This is  based on the  assumption t h a t  a minimum 
p r a c t i c a l  value of m/CDA i s  0.2 slug/ft2 and t h a t  t h e  design 
atmosphere must be the low-pressure extreme shown by f igure  11. 
Lower m/C@ values can be shown t o  require  extremely efficient 
s t r u c t u r a l  design possibly beyond modern design capabi l i ty .  

In addi t ion,  an 
before the  parachute i s  deployed. It therefore appears t h a t  f o r  the  minimum 
pressure atmosphere assumed i n  t h i s  study, t he  design of a f i r s t  generation 
Mars en t ry  capsule, requir ing s o f t  landing, is  r e s t r i c t e d  t o  the  very l imi t ing  
m/C@ 

m/C@ g rea t e r  than 0 .4  slug/ft2 may r e s u l t  i n  surface impact 

values between 0.2 and 0.4 slug/ft2.  

In general  terms, it can be concluded t h a t  the  e f f e c t s  of a low surface 
pressure on vehicle  design a r e  augmented t o  a s ign i f i can t  degree by the  atmos- 
phere s t ruc tu re  uncertainty.  If the  atmosphere is, i n  f a c t ,  t he  low pressure 
extreme, t h e  dens i ty  s t ruc tu re  f r o m t h e  surface t o  severa l  hundred thousand 
feet  must be defined before en t ry  experiments can be assured of success. 

CONCLUDING REMARKS 

The purpose of t h i s  study has been t o  provide a general  evaluation of 
t h e  degree t o  which t h e  uncer ta in t ies  i n  s t ruc tu re  and composition of the  
martian atmosphere a f f ec t  various aspects of en t ry .  The i l l u s t r a t i o n s  and 
ana lys i s  employed a re  c l e a r l y  of an approximate nature .  However, t h e  r e s u l t s  

11 



t 

show the need for b e t t e r  d e f i n i t i o n  of t h e  atmosphere. 
following i s  a summary of the  r e s u l t s  derived, based on the  spec i f ied  liliiits 

of atmosphere s t ruc tu re  and chemical composition. 

In  p a r t i c u l a r ,  t h e  

(a) The usable e n t r y  cor r idor  f o r  manned f l i g h t  i s  reduced considerably 
by unce r t a in t i e s  i n  the  atmosphere s t ruc ture ;  p a r t i c u l a r l y  by t h e  
uncer ta in t ies  i n  sca le  he ight .  

( b )  Aerodynamic heat ing predic t ions  f o r  an unmanned probe cannot 
e s t a b l i s h  whether t he  heat ing r a t e s  experienced for a given e n t r y  
ve loc i ty  w i l l  include l a r g e  amounts of shock-layer rad ian t  heat ing 
o r  not because of t he  uncer ta in ty  i n  both composition and s t ruc tu re  
of the  atmosphere. 

( e )  The problem of  s o f t  landing a probe i s  perhaps the  most c r i t i c a l .  
Low surface pressures  tax  t h e  vehic le  design by requir ing a high 
drag, low weight vehicle  t o  insure adequate aerodynamic decelera-  
t i o n .  The unce r t a in t i e s  i n  surface pressure could r e s u l t  i n  a probe 
of excessively l imi t ed  payload. 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field,  Cal i f . ,  Sept .  2 3 ,  1964 
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APPENDIX A 

THE EFmCT OF USING OTHER AERODYNAMIC PARAMETERS 

ON THE RESULTS PERTAINING TO ENTRY CORRIDORS 

In order  t o  v e r i f y  t h e  v a l i d i t y  of the conciusions dravn from t h e  
sec t ion  on e n t r y  cor r idors  where a s ingle  s e t  of aerodynamic parameters was 
used (L/D = kO.5, m/C@ = 1 . O )  , t h i s  appendix seeks t o  i l l u s t r a t e  t he  con- 
sequences of changing these parameters t o  other  common values .  

LIFT-TO -DRAG RATIO 

Since the  exis tence of an en t ry  corridor implies a manned e n t r y  
(maximum dece lera t ion  l i m i t s  usua l ly  a r e  not necessary for a probe) ,  it i s  
l i k e l y  t h a t  a l i f t i n g  vehic le  w i l l  a lso be used. 
a b i l i t y  of l i f t  t o  increase the  cor r idor  depth and allow a landing s i t e  
s e l ec t ion .  Hence, t he  zero l i f t  corr idors  may be ruled out 5 p r i o r i  as poor 
examples f o r  manned e n t r y  s tud ie s  even though the atmosphere unce r t a in t i e s  
penal ize  them t o  a much g rea t e r  ex ten t .  Furthermore, values of L/D g rea t e r  
than 1/2 do not provide an appreciable advantage over those near 1/2. 
can be r ea l i zed  from f igu re  12. P lo t t ed  there  a r e  the  cor r idor  depths 
(&p) as a funct ion of l i f t - t o -d rag  r a t i o .  
pheres and two en t ry  v e l o c i t i e s .  For L/D = &1/2, they  agree w i t h  t he  
cor r idor  depths of f igure  4. 
w i t h  increasing L/D occurs between L/D = 0 and k1/2. Increasing L/D 
f u r t h e r  w i l l  t a x  t h e  vehic le  design and improve i t s  c a p a b i l i t y  only s l i g h t l y .  
Hence, L/D values of k1/2 were se lec ted  as representa t ive  of a manned e n t r y  
vehic le  and the  conclusions obtained using them a r e  q u a l i t a t i v e l y  cor rec t  
f o r  a l l  l i f t i n g  e n t r i e s .  
would be a f f ec t ed  by using o ther  values of 
tha t  a lower L/D would reduce the  corridor depth.  This coupled w i t h  t h e  
cor r idor  s h i f t  due t o  
shown i n  f igu re  6, toward zero. 
improve t h e  s i t u a t i o n .  

The advantages l i e  i n  the  

This 

Values are given f o r  two atmos- 

A s  shown, the g r e a t e s t  ga in  i n  cor r idor  depth 

A s  an indicat ion of how the  e n t r y  cor r idor  r e s u l t s  
L/D, it i s  obvious from f igu re  12 

uncer ta in ty  could c lose  the  usable corr idor ,  pref 
Higher L/D's  would, of course, tend t o  

m / C d  EFFECTS 

Current values of m/C@ used f o r  analyzing Mars e n t r y  vehic les  have 
been both higher  and lower than t h a t  chosen f o r  t he  sec t ion  on en t ry  co r r i -  
dors .  For a manned e n t r y  vehic le ,  however, m/CDA = 1.0 s lug/ f t2  appears t o  
be a representa t ive  value.  The e f f e c t  of changing m/C@ i s  very similar 
t o  t h a t  of changing reference dens i ty .  
ou t  a l t e r i n g  the  cor r idor  depth.  From the ana lys i s  of reference 9, the  
amount of  s h i f t  f o r  a given sca l e  height and reference dens i ty  can be shown 
as : 

The e n t i r e  cor r idor  i s  sh i f t ed  with- 



where the primes denote t h e  new or s h i f t e d  values .  
t i o n  (Al) i s  applied t o  t h e  sca le  heights  of f igure  l. 
seen, the e f f e c t  on corr idor  pos i t ion  with o ther  values of is  rela- 
t i v e l y  small compared t o  the  atmosphere uncer ta in ty  e f f e c t s  or use of o ther  
L/D values. Thus, t h e  se lec t ion  of m / C d  = 1.0 slug/ft2 f o r  t h i s  study, 
although representa t ive ,  i s  inconsequential ,  and t h e  results apply qua l i ta -  
t i v e l y  to  a l l  types of manned vehicles .  

I n  f igu re  13 equa- 
A s  can be 

m/CW 

%he r i g h t  s ide  o f  equation ( A l )  can be added d i r e c t l y  t o  equation (1). 
The r e su l t  then gives  the  dependence of t h e  cor r idor  l e v e l s  on both 
and m/C@ f o r  a given sca l e  height .  

14 
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APPENDIX B 

EQUATIONS FOR COMPUTING STAGNATION-POINT HEATING RATES 

Since the  heat ing r a t e  may be divided i n t o  contr ibut ions of convection 
and shock-layer rad ia t ion ,  this description w i l l  be s i m i l a r l y  divided. The 
i n t e n t  here i s  not t o  provide a rigorous der ivat ion of the heat ing equations,  
but  only t o  def ine  the  approximations used i n  the  ca lcu la t ions  f o r  t h i s  study. 
In  a l l  cases t h e  following assumptions a r e  made: 

(a)  The flow i n  the  v i c i n i t y  of t he  stagnation poin t  i s  laminar and i n  
complete thermodynamic equilibrium. 

(b) 

( c )  

The exposed surface i s  a cold wall. 

The vehicle  has a hemispherical nose. 

(d )  Only order-of-magnitude e f f e c t s  a re  considered. 

Based on t h e  above, the following equations were devised. 

COJ!TKECTIVE HEATING 

A s  discussed i n  the  t e x t  under "aerodynamic heating, " convective heat ing 
i s  r e l a t i v e l y  in sens i t i ve  t o  gas composition i n  C02-N2 mixtures. For 
mixtures containing 0-to lo-percent CO,, references 10 and 12 show convective 
heat ing r a t e s  t o  be w e l l  represented by: 

Assuming 

and 

we have the  following result: 

2 
N Ps = PJm 

Equation (B1) w a s  used f o r  a l l  t h e  convective heat ing ca lcu la t ions .  

15 



RADIATIVE mATING 

As shown by many inves t iga to r s  ( e  .g.  , r e f .  14), stagnation-point 
rad ia t ive  heat ing can be expressed as: 

1 &- = 5 I S ~ S  

where the shock wave stand-off dis tance (6,) f o r  a hemispherical nose can be 
approximated by 6s = 0.805 Rfl(po,/Ps) ( r e f .  16)  f o r  most gases of i n t e r e s t .  

Combining expressions,  we have: 

The problem remains then of wri t ing ( pJps) Is  
known parameters i n  an e n t r y  t r a j e c t o r y  ca lcu la t ion .  To approximate the  
r a t i o  pJos 
write:  

i n  terms of p, and V,, t h e  

f o r  t he  crude accuracy needed here,  it w a s  found s a t i s f a c t o r y  t o  

- _  - Ap aV,b 
03 

PS 

where the constants A, a, b depend on the  composition and speed range of 
i n t e r e s t .  
similar equation f o r  a given composition and speed range; t h a t  i s ,  

Values of rad ian t  i n t e n s i t y  (Is) can a l s o  be expressed by a 

M N  Is = cp  v, 
03 

where C ,  M, and N a r e  again constants .  The da ta  of references 12 and 17 
were f i t t e d  t o  equation (B3) and the  data of references 11, 12, and 18 t o  
equation (B4) t o  determine the  corresponding constants  f o r  each gas mixture 
and speed range. Subs t i tu t ion  of equations (B3) and (B4) were then subs t i -  
t u t e d  into equation (B2) with t h e i r  appropriate  constants  t o  y i e ld  the  follow- 
ing representat ion of rad ian t  heating a t  the  s tagnat ion point:  

where the constants,  K, n, and m a r e  given by t h e  following tab le :  

Less than 
ercent  CO 

10 

0.006 1.54 17.0 A l l  
mixtures 

16 



Several qua l i f i ca t ions  concerning equation (B5) and t h e  t a b l e  of constants 
must be made. 

(a)  The number of s ign i f i can t  f igures  included i n  t h e  t a b l e  i s  not an 
indicat ion of accuracy. 

(b) The speed range liidlcated f o r  each s e t  of constants  i s  only approxi- 
mate (e .g . ,  see f i g .  8 ) .  
the  curves f o r  heating r a t e s  corresponding t o  each speed range 
v a r i e s  with dens i ty .  The set of constants giving the  highest  
value of  ir 

For a given mixture the  in t e r sec t ion  of 

f o r  a given mixture, dens i ty ,  and ve loc i ty  were used. 
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